Summary
Studying different sickle cell genotypes may throw light on the pathogenesis of sickle cell disease (SCD). Here, the clinical profile, red cell sickling and K + permeability in 29 SCD patients (15 patients with severe disease and 14 with a milder form) of HbA/S-Oman genotype were analysed. The super sickling nature of this Hb variant was confirmed. The red cell membrane permeability to K + was markedly abnormal with elevated activities of P sickle , Gardos channel and KCl cotransporter (KCC). Results were consistent with Ca 2+ entry and Mg 2+ loss via P sickle stimulating Gardos channel and KCC activities. The abnormal red cell behaviour was similar to that in the commonest genotype of SCD, HbSS, in which the level of mutated Hb is considerably higher. Although activities of all three K + transporters also correlated with the level of HbS-Oman, there was no association between transport phenotype and disease severity. The super sickling behaviour of HbS-Oman may obviate the need for solute loss and red cell dehydration to encourage Hb polymerisation, required in other SCD genotypes. Disease severity was reduced by concurrent a thalassaemia, as observed in other SCD genotypes, and represents an obvious genetic marker for prognostic tests of severity in young SCD patients of the HbA/S-Oman genotype.
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Sickle cell disease (SCD) is one of the commonest severe inherited disorders affecting millions of people worldwide, including around 12-15 000 in the UK (Piel et al, 2013) . All patients have sickle haemoglobin (HbS), or a compound variant, in their red cells. The propensity of deoxygenated HbS to polymerise into rigid polymers, compromising rheology and other red cell functions, underlies the many complications of SCD. Compared with normal adult HbA, HbS has a single base mutation at the 6th residue of the b chain, where valine replaces glutamic acid with loss of two negative charges per Hb molecule. Homozygous HbSS, the most prevalent SCD genotype, accounts for about two-thirds of SCD patients. A second common variant is represented by the HbSC genotype with individuals heterozygous for HbS and a second mutated Hb, HbC, in which lysine replaces glutamic acid at the same b6 location. HbSC individuals make up about onethird of SCD cases. In addition, whilst HbS-b thalassaemic SCD patients are not uncommon, there are also a number of rare SCD genotypes.
HbS-Oman was first described by Langdown et al (1989) and is one of these more rare genotypes. It was named because of its high prevalence amongst individuals of the Omani population. HbS-Oman contains two mutations, the usual b6 mutation of HbS in combination with an additional substitution at b121 where lysine replaces glutamic acid, thereby resulting in loss of four negative charges per Hb molecule. The same b121 substitution was previously identified in HbO-Arab (Ramot et al, 1960) , which also causes SCD when inherited in combination with HbS (Ibrahim & Mustafa, 1967) .
The polymerisation and sickling properties of HbS-Oman are considerably greater than that of HbS and, as such, it represents one of the "super sickling" forms of Hb. Accordingly, heterozygotes of HbA/S-Oman genotype with HbSOman levels of 20% or less present with some of the clinical complications of SCD. This phenotypic dominance of the sickle mutation is shared only with HbS-Antilles, which has an additional valine to isoleucine substitution at the b23 residue, in addition to the usual sickle b6 glutamic acid-valine (Monplaiser et al, 1986) . By comparison, sickle cell trait individuals (HbAS genotype), with red cell levels of HbS at about 40%, are usually silent carriers and their red cells seldom sickle in vitroalthough the condition is not completely benign (Jones et al, 1970; Harmon et al, 2012; . SCD patients of the HbSC genotype, who share a similar, though milder, clinical course with those of the HbSS genotype, have HbS levels of around 50% (Nagel et al, 2003) . These comparisons illustrate the greater ability of HbSOman to cause disease. Why such low levels of HbS-Oman are associated with clinical signs remains unclear but it has been proposed that some mechanism other than Hb polymerisation per se is involved (Nagel et al, 1998) . Particular attention has been given to the additional losses of negative charge on the Hb molecule. It has long been known that Hb interacts with the red cell membrane, especially with the N terminus of band 3 (Low, 1986) . It has recently been confirmed that binding of deoxygenated Hb at this site alters a number of red cell properties including glycolysis, cytoskeletal integrity and ATP release (Chu et al, 2016) . An obvious suggestion is that the difference in charge of Hbs like HbSOman contributes to pathogenesis through perturbed interactions with the membrane, resulting in increased red cell fragility and other damaging sequelae.
A significant feature of red cells from SCD patients is their unusually high permeability to cations -they lose solutes (K + and Cl À ) faster than red cells from normal individuals (Tosteson, 1955) . There is a lag time for polymerisation to develop following deoxygenation. Cellular dehydration and increased intracellular concentration of HbS contributes to pathogenesis through marked reduction in the time for deoxygenation-induced polymerisation (Eaton & Hofrichter, 1987) . Three transport systems are abnormally active in HbS-containing red cells and have been identified as the principal mediators of solute loss and red cell shrinkage (Joiner, 1993; Gibson & Ellory, 2002; Lew & Bookchin, 2005) . They are the KCl cotransporter (KCC), which mediates obligatorily coupled K + and Cl À efflux (Gillen et al, 1996) ; an ill-defined cation conductance, sometimes referred to as P sickle , which is activated by deoxygenation, HbS polymerisation and red cell shape change (Mohandas et al, 1986; Joiner, 1990) ; and the Gardos channel, a Ca 2+ -activated K + conductance, stimulated in particular by Ca 2+ entry through P sickle (Rhoda et al, 1990; Hoffman et al, 2003) . P sickle may also mediate Mg 2+ efflux (Ortiz et al, 1990) , which is significant as Mg 2+ depletion is associated with further elevation of KCC activity (Delpire & Lauf, 1991; Muzyamba et al, 2006) .
Because of their potential roles in SCD pathogenesis, the abnormal permeability of HbS-containing red cells has received considerable attention, but predominantly in red cells of individuals of the HbSS genotype (Lew & Bookchin, 2005) and, to a much lesser extent, in heterozygous HbSC patients . In our laboratory, we have recently shown that K + transport through these systems associates with disease severity in patients of both HbSS or HbSC genotypes Tewari et al, 2016) . Although the behaviour of HbS-Oman and HbO-Arab red cells has been studied in a limited number of patients (Nagel et al, 1998 (Nagel et al, , 1999 , there is very little known about the permeability of red cells of other SCD genotypes. A number of haemoglobinopathies with similar charge alterations of their Hb at b6/7 but not elsewhere, are associated with increased KCC activity (Olivieri et al, 1992) and there is also a suggestion that KCC activity is increased in red cells of a few patients of the HbA/S-Oman genotype (Nagel et al, 1998) but the red cell phenotype and K + permeability of HbSOman-containing red cells has not hitherto been fully explored.
Taken together, an obvious possibility is that altered membrane permeability in red cells of genotype HbA/ S-Oman, subsequent to altered charge and membrane interaction of this Hb variant, is involved in pathogenesis of HbA/S-Oman patients and may play a role in severity. This hypothesis was tested in the current work. 
Methods

Patients
Laboratory assays
Red cells were washed in 3-(N-morpholino)propanesulfonic acid (MOPS)-buffered saline, comprising (in mmol/l): NaCl 140, KCl 5, CaCl 2 1Á1, MOPS 10, glucose 5; pH was 7Á4 at 37°C. Oxygen tension was controlled using Eschweiler tonometers and a W€ osthoff gas-mixing pump. Red cell permeability was assessed using 86 Rb + as a congener for K + to measure the activity of the main cation transport systems involved in dehydration. KCC activity was measured as the Cl À -dependent K + influx using NO 3 À to substitute for Cl À and ascribed KCC100, KC30 and KCC0, corresponding to transport activities at oxygen tensions of 100, 30 and 0 mmHg, respectively. Gardos channel activity was measured as the clotrimazole (5 lmol/l)-sensitive K + influx. Activity of P sickle , although usually defined as a deoxygenation-induced conductance, was measured here as the Cl À -independent K + influx in the presence of clotrimazole because of the high number of irreversibly sickled cells in red cell samples from patients of HbA/S-Oman genotype (Nagel et al, 1998) . All assays were carried out in the presence of ouabain (100 lmol/l) and bumetanide (10 lmol/l) to exclude K + movement via the two other main red cell cation transporters, the Na + /K + pump and the Na + -K + -2Cl À cotransporter. Haemolysis was measured in deoxygenated isosmotic sucrose solutions (MOPS-buffered, but with salts replaced with sucrose) using optical density (OD) at 540 nm to assess Hb released into the supernatant and hence per cent haemolysisin our previous work non-electrolyte haemolysis has been shown to correlate with P sickle activity (Milligan et al, 2013) and may therefore provide a technically simple estimate for this important pathway. OD following treatment with Triton X-100 (0Á01%) was used for 100% haemolysis. Morphological sickling was assessed by fixing red cell aliquots in saline to which 0Á25% glutaraldehyde had been added. Several hundred (typically 300-400) red cells were counted. For some samples, oxygenated red cells were also equilibrated with carbon monoxide to test for irreversible sickling. Full details of these methods have been published previously (Speake et al, 1997; Milligan et al, 2013; Hannemann et al, 2015) . Percentage red cell sickling and the activities of K + transport pathways were measured at 100, 30 and 0 mmHg O 2 . These O 2 tensions were chosen because the initiating event in pathogenesis of SCD is HbS polymerisation and for HbS this begins when Hb becomes deoxygenated, with a P 50 of about 30 mmHg, whilst a comparison with fully oxygenated cells and fully deoxygenated cells was also required.
Clinical haematology
Standard laboratory parameters (including %HbS-Oman, % HbF, Hb, haematocrit, mean cell volume and mean cell haemoglobin), together with patient age and thalassaemic status were collected at routine clinic attendance.
Statistical analysis
Data are presented as means AE standard error of the mean (SEM) for n individuals, or as single data points for separate patients. Statistical significance of paired variables were analysed by Student's t-test and non-normally distributed ones by Mann-Whitney U test or v 2 test using GraphPad Prism software (La Jolla, CA, USA). Correlations were tested using Pearson correlate. A value of P < 0Á05 was considered significant.
Results
Profile of patients
A total of 29 patients of HbA/S-Oman genotype were studied and their haematological profile is summarised in Table I . Age ranged from 5 to 75 years with a mean of 23 AE 3 (AESEM, n = 29); 20 patients were male and 9 were female. The percentage of HbS-Oman ranged from 4% to 25% with a mean of 16Á5 AE 0Á9%. There were three patients with HbSOman levels ≤10%; 10 with 10-15%; 8 with 15-20%; and 8 with >20%. HbF levels ranged from 0Á4 to 26Á4%, mean 6Á8 AE 1Á4%. a thalassaemic mutations, common in Arab populations (White et al, 1985 (White et al, , 1986 (White et al, , 1993 , were present in all but one patient (aa/aa), with 20 patients showing thea/-a genotype whilst 8 had the -a/aa genotype. Three patients were glucose-6-phosphate dehydrogenase (G6PD) deficient but their clinical data and red cell phenotype were unremarkable and these individuals were left in the analysis. Of the 29 patients, 15 showed a severe clinical course of disease whilst 14 had a milder or asymptomatic phenotype.
The super sickling nature of HbS-Oman
Red cell sickling and K + permeability was examined at three O 2 tensions -in fully oxygenated red cells, intermediate O 2 tensions and fully deoxygenated cells (with O 2 tensions of 100, 30 and 0 mmHg, respectively). In fully oxygenated conditions, morphology of fixed red cells showed the typical "Napolean hat" or "darn-and-knitting needle" appearance of HbS-Oman-containing red cells (Fig 1A) (Nagel et al, 1998) , however, on dexoygenation, the bizarre shapes more commonly seen in deoxygenated red cells from homozygous HbSS patients were present (Fig 1B) . Percentage sickling was significantly different at all three oxygen tensions ( Fig 1C) . Sickling was highest in fully deoxygenated red cells (c. 80%) and only slightly, albeit significantly (c. 70%, P < 0Á016) lower at the intermediate O 2 tension (Fig 1C) . A high percentage of sickling was also observed in fully oxygenated red cells. Red cells from a subset of patients were exposed to carbon monoxide in which sickling decreased to 21Á9 AE 3Á9% from 29Á1 AE 4Á4% (means AE SEM, n = 11; P < 0Á0015), indicative of a high proportion of circulating irreversibly sickled cells (ISCs), as observed previously (Nagel et al, 1998) . Percentage sickling did not correlate significantly with levels of HbS-Oman under fully oxygenated conditions (Fig 1D ; R = 0Á28, P = 0Á16). At lower O 2 tensions, there was no obvious relationship between the levels of HbS-Oman and sickling, probably because the overall percentage of sickling at the two lower O 2 tensions was always high (over 50%). Sickling could be induced in red cells from patients with very low levels of HbS-Oman -three patients with the lowest HbS-Oman levels (3Á9%, 7Á7% and 10Á4%) gave sickling percentages of 74%, 62% and 80%, respectively, when fully deoxygenated (Fig 1D) . These findings are consistent with the super sickling behaviour of HbS-Oman.
K + conductances: P sickle and Gardos channel
Permeability of K + through the two main conductive pathways, P sickle and the Gardos channel are presented in Figures 2 and 3 . Both pathways showed maximal levels of activity under fully deoxygenated conditions (Figs 2A and   3A ). The deoxygenation-induced components of P sickle and Gardos channel activities measured in fully deoxygenated red cells were found to correlate significantly with the percentage of HbS-Oman (Figs 2B and 3B) , although activities at the highest O 2 tensions of 100 and 30 mmHg did not (P = 0Á34 and P = 0Á14 for P sickle , respectively, and P = 0Á26 and P = 0Á33 for the Gardos channel). They also correlated very significantly with each other at 0 mmHg (R = 0Á91, P < 0Á0001), consistent with the hypothesis that entry of Ca 2+ through P sickle subsequently leads to activation of the Gardos channel (Rhoda et al, 1990) . The relatively high values for P sickle and Gardos channel activities in fully oxygenated cells (Figs 2A and 3A) are, again, probably due to the presence of high numbers of ISCs. A non-electrolyte haemolysis assay also showed significant correlation with P sickle in deoxygenated red cells (P < 0Á04, Fig 4) and may be used as a simple test for this permeability (Milligan et al, 2013) .
KCl cotransport
The KCC is the third main cation transport system associated with solute loss and dehydration of HbS-containing red cells. KCC activity was also elevated in red cells from patients with HbA/S-Oman and its O 2 dependence is shown (Fig 5A) . Activity was highest in fully deoxygenated (KCC0) and fully oxygenated (KCC100) red cells, both P < 0Á0001, whilst there was considerably reduced activity at the intermediate O 2 tension of 30 mmHg (KCC30). In this respect, KCC activity in HbA/S-Oman red cells was similar to that described previously in HbS-containing red cells (Gibson et al, 1998) and unlike that in normal HbA-containing red cells in which KCC activity is modest and only observed in the youngest red cell fraction (Hall & Ellory, 1986) . In normal (HbAA) red cells, KCC activity shows a monotonic decrease with O 2 tension (Gibson et al, 1998) . KCC activity also correlated significantly with percentage of HbS-Oman and with P sickle in fully deoxygenated conditions (KCC0, Fig 5B , P < 0Á05) -with the possibility of Mg 2+ loss via the deoxygenationinduced conductance elevating KCC0 activity -but not at O 2 tensions of 100 or 30 mmHg (for KCC100, P = 0Á43; for KCC30, P = 0Á14). KCC100 activity and that of KCC0 did not correlate with each other (P = 0Á17). It was noticeable, however, that red cell KCC100 activity appeared to fall into two groups (Fig 5C) with either higher or lower activities of KCC100 at each level of P sickle activity. The distribution did not associate with thalassaemic status or severity. Of the eight patients with higher KCC100 activities, five had a thalassaemia, three were carriers or normal, whilst five showed severe disease and three mild (though two of the milder cases were a thalassaemic).
Indices of severity
The analyses illustrated above were carried out on pooled data from all 29 patients. We also attempted to identify separately any associations with disease severity. The major differences between patients with a more severe clinical course of SCD were age and HbF levels (Table II) . Mean age in severely affected patients was about half that of milder affected individuals (15 years vs. 31 years, P < 0Á009) whilst % HbF levels were five-fold greater (10% vs. 2%, P < 0Á0007). The lower age of severe cases reflects the infrequent clinical attendances of children and young adults with a milder course of disease. The negative correlation of HbF levels with severity is the opposite of that commonly found in other SCD genotypes (Steinberg, 2005 Pearson correlations were 0Á28 (P = 0Á16), 0Á27 (P = 0Á16) and 0Á19 (P = 0Á35) at O 2 tensions of 100. 30 and 0 mmHg, respectively. Symbols represent data from individual patients, n = 29. Fig 2. (A) Effect of O 2 tension on P sickle activity in red cells from SCD patients of HbA/S-Oman genotype. P sickle activity, given as K + influx in mmol/(l cells h), was measured at O 2 tensions of 100, 30 and 0 mmHg. Histograms represent means AE SEM, n = 29. *P < 0Á0001; NS not significant (Student's t test). (B) Correlation between P sickle activity and levels of HbS-Oman in fully deoxygenated red cells from SCD patients of HbA/S-Oman genotype. P sickle activity, given as K + influx in mmol/(l cells h) and HbS-Oman levels as percentages. Pearson correlations was 0Á50 (P < 0Á005). Similar values at O 2 tensions of 100 and 30 mmHg were 0Á18 (P = 0Á34) and 0Á28 (P = 0Á14), respectively. Symbols represent data from individual patients, n = 29.
tensions (Table II) , and was probably indicative of ISCs. All indices of red cell K + permeability (P sickle , Gardos channel or KCC activities) were elevated in more severely affected individuals, but the effect was very modest and not statistically significant (Table II) . The similarity in K + permeability in the two groups of patients is illustrated further in Figure 6 , which shows the correlation between P sickle and Gardos channel activites (R = 0Á91, P < 0Á0001, as noted above). There is complete overlap between the magnitudes of activities regardless of disease severity. Similar findings were present for KCC activity (data not shown). These observations differ from our recent analyses of SCD patients with HbSS and HbSC genotypes in which there was significant association of high permeabilities with indices of severity Tewari et al, 2016) . Finally, patients with a thalassaemia (-a/-a, n = 19) were considered separately to those who were silent a thalassaemia carriers (-a/aa, n = 9) together with the single non-thalassaemic individual (aa/aa, n = 1). A higher proportion of non-thalassaemic individuals (80% vs. 37%, v 2 P < 0Á027)
showed severe complications (Table III) and significantly higher % HbS-Oman levels (Table IV, P < 0Á006). Individuals of -a/aa genotype with mild disease had HbS-Oman levels of 20Á2% and 20Á9% showing that levels of HbS Oman per se are not predictive of disease severity. No other significant differences in clinical profile or red cell phenotype were present (Table IV) .
Discussion
HbS-Oman was first described in Cambridge in 1989 in a 24-year-old male patient born in Oman of Omani-Arab lineage (Langdown et al, 1989) . This individual presented with haematuria, probably elicited by concurrent schistomiasis, but had had no previous history of haematological problems and an absence of any of the clinical complications of sickle cell disease (SCD). His level of HbS-Oman was 14Á5% and he also had a thalassemia (a-/a-genotype). Following this case, three further reports have been published with two with higher HbS-Oman levels also showing elevated K + permeability (Nagel et al, 1998) but there are no other references in the literature concerning the transport phenotype of this rare SCD genotype, nor any data on potential markers for disease severity. Peninsular Arabs, including Omanis, evolved in a region endemic for malaria and have developed a particularly high Fig 3. (A) Effect of O 2 tension on Gardos channel activity in red cells from SCD patients of HbA/S-Oman genotype. Gardos channel activity, given as K + influx in mmol/(l cells h), was measured at O 2 tensions of 100, 30 and 0 mmHg. Histograms represent means AE SEM, n = 29. *P < 0Á0001 (Student's t test). (B) Correlation between Gardos channel activity and levels of HbS-Oman in fully deoxygenated red cells from SCD patients of HbA/S-Oman genotype. P sickle activity, given as K + influx in mmol/(l cells h) and HbS-Oman levels as percentages. Pearson correlations was 0Á45 (P < 0Á015). Similar values at O 2 tensions of 100 and 30 mmHg were 0Á22 (P = 0Á26) and 0Á19 (P = 0Á33), respectively. Symbols represent data from individual patients, n = 29. incidence of red cell mutations. The two main ones are a thalassaemia and G6PD deficiency, but they also include the HbS and the HbS-Oman mutation (White et al, 1985 (White et al, , 1986 .
Haemolytic anaemia, especially in response to oxidants, is a particular feature of G6PD deficiency but is rarely observed in the Omani population, notwithstanding the high prevalence of the mutation. In addition, the most severe complications of SCD are uncommon. It has been speculated that protection is afforded by the co-inheritance of a thalassaemia, which lowers total red cell Hb levels and has been shown to reduce clinical signs in Omanis with SCD (Hassan et al, 2014) as well as in other SCD populations (el-Hazmi, 1985; Steinberg et al, 2001; Steinberg, 2009; Hassan et al, 2014) . Additionally, in the Arab population, the HbS Fig 5. (A) Effect of O 2 tension on KCl cotransporter (KCC) activity in red cells from SCD patients of HbA/S-Oman genotype. KCC activity, given as K + influx in mmol/(l cells h), was measured at oxygen tensions of 100 (KCC100), 30 (KCC30) and 0 (KCC0) mmHg. Histograms represent means AE SEM, n = 29. *P < 0Á0001 (Student's t test). (B) and (C) Correlation between KCC activity and levels of HbS-Oman in from SCD patients of HbA/S-Oman genotype. (B) Fully deoxygenated red cells -activities of KCC0 and P sickle activites are both given as K + influx in mmol/(l cells h). Pearson correlation was 0Á36 (P < 0Á05). Symbols represent data from individual patients, n = 29. (C) Fully oxygenated red cells -activities of KCC100 and P sickle activites are both given as K + influx in mmol/(l cells h). Pearson correlation was 0Á15 (P = 0Á43). Symbols represent data from individual patients, n = 29. Table II . Clinical profile, sickling and K + permeabilities of red cells from patients of HbA/S-Oman genotype by severity. K + influxes are given as mmol/(l cells h). All data represent means AE SEM, for n = 15 severely affected, and n = 14 mildly affected patients. P values were calculated using the Mann-Whitney U test.
Severe
Mild Association of disease severity with correlation between Gardos channel and P sickle activities in fully deoxygenated red cells from SCD patients of HbA/S-Oman genotype. Activities of Gardos channel and P sickle are both given as K + influx in mmol/(l cells h). Black circles and grey squares represent data from severely (n = 15) or mildly (n = 14) affected patients, respectively. Pearson correlation for all patients irrespective of severity was 0Á91 (n = 29, P < 0Á0001). mutation sometimes occurs in association with high HbF levels, on the background of the Arab-Indian haplotype, which is associated with a milder SCD phenotype (Kar et al, 1986; Kulozik et al, 1987) . This effect was seen in some of our patients.
Here we analysed the clinical profile and red cell properties of 29 further cases of HbA/S-Oman individuals. Levels of sickling were considerable and could be elicited with levels of HbS-Oman as low as 4% in fully deoxygenated red cells. Considerable numbers of sickled cells were present at arterial O 2 tensions and following even equilibration with carbon monoxide, indicative of high numbers of ISCs, as reported previously (Nagel et al, 1998) .
The cause for the remarkable heterogeneity of HbA/SOman patients is unknown. The possibility that they occur due to differences in their SCD haplotypes is unlikely, as the HbS-Oman mutation probably arose only once. There are many other polymorphisms (such as that at the BCL11A locus which controls HbF expression) that affect red cell function and disease severity, however (Steinberg, 2005; Thein & Menzel, 2009) , and may be associated with differences in severity. Similarly, the cause of the variation in levels of HbS-Oman has not been elucidated. We are currently carrying out an analysis of potential epistatic genes.
The present work also presents a detailed analysis of red cell permeability. It provides the first report to show elevation in P sickle and Gardos channel activities in red cells from individuals of the HbA/S-Oman genotype, although an increase in Gardos channel Ca 2+ affinity has been shown previously (Nagel et al, 1998) . P sickle and Gardos channel activity correlated to a highly significant extent, as did P sickle activity with a simple non-electrolyte haemolysis assay. KCl cotransporter (KCC) activity was also high, particularly in fully deoxygenated (KCC0) and fully oxygenated (KCC100) red cells, less so at intermediate oxygen tensions (KCC30). KCC activity in fully deoxygenated red cells (KCC0), also correlated with P sickle . These findings are consistent with Ca 2+ entry (Rhoda et al, 1990) and Mg 2+ loss (Ortiz et al, 1990) via P sickle underlying the abnormally high acitivities of the Gardos channel and KCC, respectively. In addition, all three transport systems also correlated significantly with the percentage of HbS-Oman indicating that higher levels of this compound Hb mutation underlies the permeability changes. Despite red cells containing at most 25% HbS-Oman, these features of K + permeability showed many features similar to those seen in homozygous HbSS patients with levels of HbS approaching 90% (Joiner, 1993; Lew & Bookchin, 2005) . Findings confirm the super sickling properties of HbSOman. They also show that notwithstanding the presence of normal Hb at levels of around 75% or higher in their red cells the K + permeability of HbS-Oman red cells is markedly compromised. It has been suggested previously that HbS Oman levels associate with disease severity as well as also altered cation permeability, but very few patients have been available hitherto (Nagel et al, 1998) . In the present work, severe complications were observed at lower levels of HbS-Oman than previously supposed (Nagel et al, 1998) . Despite good correlation of abnormal cation permeability with HbS-Oman levels, there was no significant association with disease severity. These findings are at variance with our previous work on HbSS and HbSC red cells in which K + permeability did associate with indices of severity ; Tewari et al, All data represent means AE SEM, for n = 19 patients with a thalassaemia (-a/-a) and n = 10 for those normal (aa/aa, n = 1) or a thalassaemia carriers (-a/aa, n = 9). P values were calculated using the Mann-Whitney U test.
-a/-a Thalassaemic More severely affected patients had a mean age of about half that of milder cases (15 years vs. 31 years, P < 0Á009). These findings may result from presentation of children and younger adults only with more severe complications. Alternatively the severely affected older individuals may be underrepresented due to reduced life span. It was interesting that more severely affected patients had much higher levels of HbF (11% vs. 2%, P < 0Á0007). In other SCD genotypes, high HbF levels are associated with milder clinical signs, by reducing the tendency of HbS to polymerise. It is not known, however, if HbF reacts similarly with HbS-Oman or what levels of HbF are required for protection. In the present study, more males were presented than females. The cause of the unbalanced gender ratios is not known but may be due to cultural reasons.
Of the 29 patients analysed, 19 were a thalassaemic (-a/-a genotype) and 10 were silent a thalassaemic carriers (-a/aa genotype) or normal (aa/aa) with significantly reduced proportions of severely affected patients in the a thalassaemic group. a thalassaemia is associated with milder disease in other SCD phenotypes (el-Hazmi, 1985; Hassan et al, 2014; Wonkam et al, 2014) and the same has been suggested for HbS-Oman (Nagel et al, 1998; Steinberg et al, 2001) although not always realised (Hassan et al, 2014) . Our findings provide tangible support for this hypothesis.
In conclusion, the present findings have provided a more complete characterisation of the altered membrane permeability of red cells from SCD patients of HbA/S-Oman genotype. Notwithstanding significant correlations of K + permeabilities with levels of HbS-Oman, there was no association with disease severity. By contrast, a thalassaemia was probably protective and represents an obvious potential prognostic marker for this rare SCD genotype.
